Within the standard propagation scenario, the flavor ratios of high-energy cosmic neutrinos at neutrino telescopes are expected to be around the democratic benchmark resulting from hadronic sources, (1 : 1 : 1) ⊕ . We show how the coupling of neutrinos to an ultralight dark matter complex scalar field would induce an effective neutrino mass that could lead to adiabatic neutrino propagation. This would result in the preservation at the detector of the production flavor composition of neutrinos at sources. This effect could lead to flavor ratios at detectors well outside the range predicted by the standard scenario of averaged oscillations. We also present an electroweak-invariant model that would lead to the required effective interaction between neutrinos and dark matter.
Within the standard propagation scenario, the flavor ratios of high-energy cosmic neutrinos at neutrino telescopes are expected to be around the democratic benchmark resulting from hadronic sources, (1 : 1 : 1) ⊕ . We show how the coupling of neutrinos to an ultralight dark matter complex scalar field would induce an effective neutrino mass that could lead to adiabatic neutrino propagation. This would result in the preservation at the detector of the production flavor composition of neutrinos at sources. This effect could lead to flavor ratios at detectors well outside the range predicted by the standard scenario of averaged oscillations. We also present an electroweak-invariant model that would lead to the required effective interaction between neutrinos and dark matter.
Introduction.-Although cosmological observations have determined the contribution of dark matter (DM) to the energy budget of the Universe with an outstanding precision, the nature of the particles making up this component of the Universe is still unknown. In particular, the mass, spin and couplings of DM particles have not been determined yet. A lower bound on the mass (m DM ) comes from the de Broglie wavelength of the DM particle, λ dB = 2π/(m DM v), which is required to be smaller than the size of dwarf galaxies. Ultralight bosonic DM with a mass close to this bound, ∼ 10 −22 −10 −21 eV, has gained popularity (see, e.g., Refs. [1] [2] [3] [4] [5] [6] for reviews), as it can address the small structure problems that the canonical cold DM scenario suffers from [7] [8] [9] . Recent studies of rotation curves of nearby galaxies [10] , of dwarf galaxies [11] [12] [13] , the comparison between the predictions of hydrodynamical simulations and Lyman-α observations [14] [15] [16] [17] , and analyses of cosmological data [18] [19] [20] have set lower bounds of ∼ 10 −21 eV on m DM . As long as the de Broglie wavelength, λ dB , is much larger than the average distance between DM particles
1/3 ), DM can be described by a classical field oscillating in time with a period given by the Compton wavelength, λ C = 2π/m DM . It has been shown that a Yukawa coupling between neutrinos and the background ultralight scalar DM (φ) can induce a time varying effective neutrino mass, causing spectacular time modulation effects for solar [21] and long-baseline and reactor neutrinos [22, 23] .
In this letter, we consider a derivative interaction between the ultralight complex scalar DM and neutrinos of the form
As we shall see, this effective term can be obtained by integrating out a new neutral gauge boson coupled to the currents of neutrinos and φ in an ultraviolet complete electroweak-invariant form. By treating φ as a classical non-relativistic field, we show that this coupling induces a neutrino mass term proportional to
As long as ∆V ∆m 2 /E ν (with ∆V , ∆m 2 and E ν , being the difference between two V α , the neutrino mass square difference and the neutrino energy, respectively), this new term would dominate the Hamiltonian and therefore, the time evolution of neutrinos. Taking the coupling to be flavor conserving but flavor non-universal (V e = V µ = V τ ), the outcome would be the flavor conservation in the propagation of high-energy cosmic neutrinos. The oscillation pattern of lower energy neutrinos, such as solar, long-baseline or supernova neutrinos, would not be affected, though. For those energies, ∆m 2 /E ν ∆V , and the standard results are recovered. Note that this energy dependence is a characteristic feature of dimension-three operators.
Flavor of cosmic neutrinos.-The study of the flavor composition has been long recognized as a powerful tool to determine the production mechanism of highenergy astrophysical neutrinos [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] .
In the standard scenario, astrophysical neutrinos are produced from the decays of pions and kaons and secondary muons, which are in turn created by hadronic (proton-proton, pp) or photohadronic (proton-photon, pγ) interactions in cosmic accelerators. The flavor composition at the source of the neutrino plus antineutrino flux is (approximately) (ν e : ν µ : ν τ ) S (1 : 2 : 0) S in both cases 1 . Given the cosmic distances these neutrinos travel, oscillation probabilities are averaged out [43] . As a consequence, for the values of the mixing angles measured in neutrino oscillation experiments [44] [45] [46] , the resulting (ν +ν) flavor composition at detectors at Earth becomes (ν e : ν µ : ν τ ) ⊕ (1 : 1 : 1) ⊕ .
FIG. 1.
Ternary plot of the flavor composition of cosmic neutrinos. The allowed flavor compositions are represented by the regions within the black lines, using IceCube HESE events after 7.5 years (68% and 95% confidence level), with three types of topologies: muon tracks, single and double cascades [47] . Also shown is the obtained best fit (black cross). The gray shaded contour indicates the allowed region after standard averaged oscillations during propagation, and accounts for uncertainties at 95% confidence level of the neutrino mixing angles [44] . For hadronic sources, the expected flavor ratio at detection after standard propagation lies at the center (star), whereas within the scenario discussed in this letter, it would coincide with the flavor composition at the source (thick purple dot).
There are two main features that stand out from the canonical flavor composition. Due to maximal mixing in the µ − τ sector, astrophysical ν µ and ν τ fluxes are always expected to be very similar at Earth. Moreover, regardless of the flavor composition at the cosmic source, all flavors become finally populated after propagation through cosmic distances. Thus, if any of the three neutrino flavors is found not to contribute to the observed high-energy event spectrum in neutrino telescopes, this necessarily implies the existence of new physics. In this paper we present a scenario in which the neutrino flavor composition at the source is preserved and coincides with that at the detector. Given that ν τ 's are very scarcely produced at astrophysical sources, this possibility is very far from the canonical expectation. This can be seen in Fig. 1 , where we show the expected flavor combination at Earth from hadronic sources within the scenario discussed in this letter (which coincides with that at production), the current allowed region and the expected flavor composition from standard averaged oscillations.
Propagation of cosmic neutrinos interacting with ultralight scalar dark matter.-Now we show how the interaction term in Eq. (1) could result in a flavor composition of the cosmic neutrino flux at detection approximately equal to that at the source.
A complex field can be decomposed as
such that, in the non-relativistic limit, ∂ 0 ψ(t) m DM ψ(t) and thus, solving the equation of motion (Euler-Lagrange equation), the classical field ψ is approximately constant, and can be obtained from the contribution to the 00 component of the energy-momentum tensor (T 00 = ρ DM ), which results in ρ DM = |ψ| 2 . The charge density associated to this complex scalar can be written as
which corresponds to the number density of DM particles.
To account for the correction induced on the free Hamiltonian by the derivative interaction, we insert this expression for J φ 0 in Eq. (1), which results in the following effective mass term 2 ,
Thus, the total Hamiltonian in the flavor basis for neutrinos propagating in the ultralight scalar DM background is given by
where
ν /2E ν is the Hamiltonian in vacuum, with M 2 ν the neutrino mass square matrix in the flavor basis, and the + and − signs correspond to neutrinos and antineutrinos, respectively. Two comments are in order:
• The Lorentz structure of the effective mass is similar to the standard matter effects and thus, independent of the neutrino energy. Like the standard MSW effect, the impact of this DM interaction on neutrino propagation becomes more relevant for more energetic neutrinos. Moreover, like standard matter effects, the signs of the effect for neutrinos and antineutrinos are opposite. Thus, it also induces CP (and CPT) violation in neutrino propagation.
The local DM density in the solar system is determined to be ∼ 0.3 GeV/cm 3 , although with about a factor of two of uncertainty [50] . On the other hand, a significant fraction of the high-energy neutrino flux is expected to originate at sources which are located at relatively dense parts of the Universe with DM densities that can be orders of magnitude larger than the local value. Analogously to the standard propagation of neutrinos in matter, medium effects become dominant when the potential difference, ∆V = (ρ DM /m DM ) ∆g/Λ 2 , is larger than the difference of their vacuum terms, ∆m 2 cos 2θ/(2 E ν ), with θ being the vacuum mixing angle (within a twoneutrino framework). Thus, if
the effective in-medium mixing of neutrinos would be suppressed. That is, the flavor eigenstates would coincide with the mass eigenstates of the effective Hamiltonian. Moreover, if the variation of H DM (determined by dρ DM /dx, with x the spatial coordinate) is slow, the evolution would be adiabatic. This implies that an eigenstate of the Hamiltonian at a given point (i.e., the effective mass eigenstate) remains so throughout the propagation, despite the fact that the Hamiltonian changes. Both the sources of high-energy neutrinos and the Earth are located in regions where Eq. (7) could be satisfied. Therefore, if the propagation is adiabatic, the flavor composition at production would be preserved at the detector. Adiabaticity requires that the variation of the mixing angle in matter, dθ m /dx, is slow compared to ∆m 2 m /(4 E ν ), with ∆m 2 m the mass square difference in the medium. In other words, this occurs if the typical length scale for the variation of the medium density is much larger than the neutrino oscillation length in that medium. The condition for adiabatic propagation is most stringent at resonance (i.e., 2 E ν ∆V res = ∆m 2 cos 2θ) and therefore, for a two-neutrino system,
where the subindex res indicates quantities evaluated at resonance. Notice that for the energies satisfying Eq. (7), the adiabaticity condition would be more easily met. Indeed, it is easily satisfied for high-energy neutrinos. The large de Broglie wavelength of ultralight DM (> 10 pc) prevents the existence of very sharp features in the DM distribution at galactic scales and thus, (dρ DM /dx)/ρ DM < 0.1 pc −1 . Notice that neutrinos on their path to Earth may pass through voids, but as long as their production site is located within a relatively dense region inside a DM halo and Eq. (7) is satisfied at Earth, their initial flavor composition would be preserved at detection. The differences between this scenario and the standard propagation, and the currently allowed experimental region can be seen in Fig. 1 .
Example of an underlying model.-In this section, we show an example for building a model which leads to the effective coupling shown in Eq. (1). The complex scalar field which is assumed to play the role of DM, φ, is taken to be charged under a new U (1). Taking the gauge coupling to be g φ , the DM field would have a coupling with the new gauge boson, Z , of the form:
Taking the U (1) charges of leptons of generation α to be g α , the left-handed lepton doublets, L α , would then couple to Z as
If g e +g µ +g τ = 0, the triangle anomalies that involve one new U (1) vertex automatically cancel, with or without adding right-handed neutrinos. If a right-handed neutrino with the same U (1) charge is added for each ν α , the U (1) − U (1) − U (1) anomaly would cancel, too. However, without right-handed neutrinos, the cancellation of this anomaly requires g 
Combined with the condition for the matter effects dominance, Eq. (7), this implies
For Z heavier than ∼TeV, there is practically no observational bound on the coupling constants and g α could be as large as O(1) [51] . However, an upper bound on m Z can be deduced from the theoretical discussion on the stabilization of the DM mass. Like most models with a new unprotected scalar (including the SM Higgs), this model encounters a hierarchy problem, because of the radiative contribution to the scalar mass given by a highenergy scale cutoff. Just like in the case of the SM, we shall assume there is a mechanism (e.g., SUSY-like) that manages to cancel out this contribution. Nevertheless, even after assuming there is some extra mechanism to cancel the cutoff dependent contribution, to avoid fine tuned cancellations, the radiative correction to the φ mass should not be much larger than m DM . Thus, assuming all the couplings to be of the same order (g φ ∼ g α , although this is, of course, not necessary), the condition on the radiative contribution to m DM (m φ m Z g φ /(4π)) implies m Z 0.01 eV and g α ∼ g φ 10 −18 , for the benchmark parameters used in Eq. (12) . For such a light Z , the bounds on g e from extra long-range interactions are strong [52] , which can be circumvented by the anomaly-free L µ − L τ gauge symmetry with g e = 0 and g µ = −g τ and therefore, V e = 0 and V µ = −V τ . Moreover, notice that coherent forward scattering of neutrinos off the DM background would be mediated by a t-channel and so, the virtual Z would carry zero energymomentum. Thus, despite E ν m Z , Z could be integrated out, leading to the effective Lagrangian in Eq. (1).
Neutrino mixing then requires breaking of this U (1). This can be accommodated within the seesaw mechanism where three right-handed neutrinos, N e , N µ and N τ with U (1) charges equal to those of corresponding lefthanded leptons, are introduced. For the special case of L µ − L τ , adding new scalars charged under U (1), S 1 and S 2 , couplings of the form
e N τ can be written. The vacuum expectation values (VEVs) of S 1 and S 2 can lead to mixing between flavors, reproducing the flavor structure of the neutrino mass mixing. Their VEVs also contribute to the Z mass, as g µ 4 S 1 2 + S 2 2 . Taking g µ ∼ 10 −18 and S 1 ∼ S 2 ∼ 20 PeV, a seesaw mechanism, as well as a naturally small m Z , could be realized.
Discussion.-The flavor composition of high-energy cosmic neutrinos is a diagnostic tool for different production mechanisms at astrophysical accelerators. By considering a flavor-diagonal interaction between neutrinos and an ultralight scalar DM candidate given by Eq. (1), we have shown that the flavor composition of the neutrino flux at production could be preserved at detection. This would occur if the induced potential (proportional to the DM number density) is larger than the vacuum oscillations term. This result is in clear contrast to the standard picture which predicts complete reshuffling of the flavor composition after propagation. For example, within the standard scenario, the canonical initial composition for hadronic sources (ν e : ν µ : ν τ ) S = (1 : 2 : 0) S would be converted into (ν e : ν µ : ν τ ) ⊕ = (1 : 1 : 1) ⊕ at Earth, but with this new interaction the (ν e : ν µ : ν τ ) ⊕ = (1 : 2 : 0) ⊕ ratio would be preserved. Notice also that, in the presence of the new interaction, neutrinos could decay as ν i → ν j φ φ or even ν i → ν j Z . This would produce an additional modification of the flavor composition detected at Earth. For the small couplings considered here, however, their lifetime would be much longer than the age of the Universe, rendering neutrino decay irrelevant.
One key consequence of the modification of the flavor compositions is related to the detection of tau neutrinos. Direct production of tau neutrinos in cosmic accelerators is highly suppressed and a ν τ andν τ flux at Earth would be created by neutrino mixing and propagation along astrophysical distances. Nevertheless, within the scenario presented here, the neutrino flux at Earth would contain barely no ν τ orν τ . Thus, a powerful tool to discriminate it from the standard scenario is to measure the ν τ and ν τ content of the high-energy cosmic neutrino flux.
Indeed, there are two ν τ candidates in the latest IceCube HESE sample [47] , in agreement with expectations from standard propagation [53] . This is why the best fit in Fig. 1 is not along the ν e − ν µ side, as happened in previous analyses [53] [54] [55] . If this is confirmed with future data and improved analyses, this ultralight DM scenario would be disfavored, and a lower bound on Λ 2 /∆g could be set. As of now, and as can be seen from Fig. 1 , the unaltered (1 : 2 : 0) ⊕ flavor composition from hadronic sources is allowed within a 68% confidence level. The (0 : 1 : 0) ⊕ and (1 : 0 : 0) ⊕ flavor ratios, however, are already ruled out at more than 95% confidence level. This means that, within our scenario, the sources of the cosmic neutrinos are unlikely to be purely pion decays with a stopped muon or purely neutron decays, respectively.
It is also interesting to compare these effects to already existing limits on similar CPT-violating neutrino interaction terms. Indeed, this effective potential has already been (locally) constrained by IceCube, using atmospheric neutrinos with energies 1 TeV. The limit on constant couplings of dimension-three operators is 10 −24 GeV [56] , as could be expected from the vacuum oscillations term, ∆m 2 /(2 E ν ) = 5 × 10 −25 GeV (∆m 2 /10 −3 eV 2 ) (1 TeV/E ν ). Note that the effective interaction in the rest frame of the DM background has the Lorentz structure of a mass term, ν † ν, so similarly to the standard scenario, the lower the neutrino energy the more suppressed matter effects are. Thus, for values close to the saturation of this bound, matter effects would be the dominant ones at the higher energies considered here, and have no effect on atmospheric neutrinos. Indeed, oscillations of solar, atmospheric, supernova and terrestrial neutrinos would remain unaffected.
Interestingly, the U (1) gauge interaction in Eq. (9) would also lead to a repulsive force among ultralight scalar DM particles, in contrast to scenarios with axionlike particles, for which self-interactions are usually attractive. The low scale required in our scenario, Λ/ √ g α O(10) PeV, would imply the instability of DM structures as light as a solar mass if the force were attractive [3, [57] [58] [59] [60] [61] . Nevertheless, being repulsive, the maximum mass before collapse would be much larger than that of superclusters of galaxies [3, 57, 58] . It is only a few years since the first detection of highenergy extraterrestrial neutrino events and most questions about the origin of this neutrino flux are awaiting for answers. The presence of new physics affecting the expected signatures could make more difficult (and interesting) the interpretation of present and future observations. Here, we have investigated a rather speculative scenario that could give rise to striking effects on the high-energy neutrino flavor composition at detection.
